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M L- STD- 188- 140A
FOREWORD

1. This Mlitary Standard is gproved and mandatory for use by all Departnents
and Agencies of the Departnment of Defense (DOD) in accordance with DOD Directi®

4640. 11, dated 21 Decenber 1987.

2. Beneficial comrents (recommendations, additions, deletions) and am
pertinent data which may be of use in inproving this docunent should be addressd
to: Conmander Space and Naval Warfare Systens Command, Attn: Code 003-114
Washi ngt on, DC 20363-5160, by using the self-addressed Standardizati on Docuneh
| mpr ovenent proposal (DD Form 1426) appearing at the end of this docunent or ¥

letter.

3. Oiginally, Mlitary Standard 188 (M L-STb188) covered technical standards
for tactical and |ong-haul conmunications, but |ater evol vedt hrough revisions (M L-
STD- 188A, M L-STD-188B) into a docunent applicable to tactical comrunications only

(M L- STD- 188C) .

4. Standards for all mlitary comunicati onsare now being published in a ML-
STD- 188 series of documents. The M L-STD- 188 series is subdivided into a M L-STD
188- 100 series covering comon stardards for tactical and |ong-haul communications,
a M L-STD- 188-200 series covering standards for tactical communications only, ad
a ML-STD 188-300 series covering standards for |ong- haul comrunications only
Enmphasis is being placed on devel opi ng common standards for tactical and | ong-haul

communi cati ons published in the ML-STD 188100 seri es.
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5. This document contains technical standards and desi gn objectives (Dos)for
m ni mum i nterface and performance standards pertinent to VLFand LF Radi o Subsystens
whi ch operate in both |ong-haul and tactical conmunications systens. The term
“system standard” and “design objective’”(DO are defined in FED-STD-1037. In ths
docunment, the word “shall” identifies mandatory system standards. The wod

“shoul d” identifies DOs which are desirable but not mandatory.
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1. SCOPE

1.1 Purpose. This standard establi shes m ni mum performance requirements in
the form of Technical Design Standards and Design Cbjectives (D.O) that will ensure
interoperability of future radio subsystems equipnent in the VLF and LF bands
Performance requirements for experinental or devel opnental extrenely |ow frequeng
(ELF) and ultra low frequency (ELF) are not addressed. The frequency ranges b
mlitary comunications equipnment have been established as a result of bad
characteristics which do not necessarily depend upon adninistrative or technich
frequency band definitions. For exanple,in the area of the el ectromagnetic spectrm
above ELF, that portion of application to militarybroadcast comunications is. found
bet ween 14 Hz and. 200 Hz. This portion in fact extends into both the VHF and E
bands. Efficient use of the linmted bandwi dth avail able at these |ower frequencies
precludes nost analog nodulation techniques. This standard, therefore applis
primarily to those radi o conmuni cations equi pnent and systems which are inelved in the
transmission of single and nulti-channel teletypewiter, data and facsimek

i nf or mati on.

1.2 Application. This standard shall be used in the design and engi neering of
new comuni cati ons equi prent for both |long haul and tactical systens. Reference §
made, in some cases, to other docunents which provide standards for specift
applications. It is not intended that existing systems be inmediately converted h
conpliance with the requrenents of this standard. New systens and those under goi ng
maj or nodification or rembilitation shall conformto these standards, subject to the

provi sions of current procurenent regul ations. Modulation techniques



are not standardized in this docunent. However, radio subsytens covered by ths
standard shall be interoperable using any of the nmodulation methods outlined n

Appendi x A.

1.3 System st andards and DO s Mandat ory equi pment paranmeters or requirements

within the context of DOD 4640.11 of 21 Decenber 1987 are identified through the use
of the word “shall”. Desirable or reconmended DO s are indicated within parentheses

after a mandatory paraneter value or by use of the word “should”.



2. APPLI CABLE DOCUMENTS

2.1 Gover nnent _docunent s

2.1.1 Specifications, standards and handbooks. The follow ng specifications,

St andards, and handbooks form a part of this docunent to the extent

specified
herein. Unless otherw se specified, the issues of these docunents
are those listed in the issue of the Departnent of Defense |ndex o f
Speci fications and Standards (DODI SS) and suppl ement thereto, cited in
the solicitation (see 6.2).
STANDARDS
FEDERAL
FED- STD- 1037 G ossary of Tel econmuni cati ons Ter ns.
DOD- STD- 1399/ 441 Interface Standard for Shipboard

Systems Section 441 Precise Tine and
Time Interval (PTTI).

DODI SS Depart nent of Defense |ndex of
Speci fications and Standards

M LI TARY
M L- STD- 463A Definitions and System of Units,
El ectromagnetic Interface and
El ect romagneti c Conpatibility
Technol ogy.
M L- STD- 188- 100 Common Long Haul and Tactica

Mlitary Comuni cations System
Techni cal Standards.

M L- STD- 188-114 El ectrical Characteristics of Digital
Interface Circuits.



M L- STD- 188- 124 Groundi ng, Bondi ng and Shi el ding for
Common Long Haul / Tact i cal
Communi cati ons Systens.
M L- STD- 188- 461 El ect romagneti ¢ Em ssi on and
Susceptibilty Requirements for the
Control of Electromagnetic interference.
M L- STD- 462 El ectromagnetic Interference
Characteristics, neasurenment of.

(Copi es of specifications, standards, draw ngs, and publications required b
contractors in connectionwi th specific procurenent finctions should be obtained from

the procuring activity or as directed by the contracting officer).

2.2 Non- Governnent publications The foll ow ng docunent s form a

part of this docunent tothe extent specified herein. Unless otherw se specified, the
i ssues of the docunents, which are DoD adopted are those listed in the issue of th
DODISS cited in the solidtation. Unless otherw se specified, the issues of documents
not listed in the DODISS are the issues of the docunents cited in the soliictati on (see
6.2).

North Atlantic Treaty Organi zation Standardi zati on Agreenents (STANAGS)

STANAG 4335 Technical Standards for Single Channd
LF Radi o Equi prent.
STANAG 5026 MIlitary Characteristics for Anal ogue

Facsim |l e Equi pment to Meet
Met eor ol ogi cal Requirements.

STANAG 5030 Singl e and Miulti-Channel VLF and LF
On- Li ne Broadcast and O f-Line 00K
Syst ens.



STANAG 5031 I ntroduction of Mddern Radio
Equi prrent for Naval HF-MF and
LF Shore-to-Ship Broadcasts.

STANAG 5035 I ntroduction of an I nproved System
for Maritime Air Comrunications
on HF, LF and UHF.

(Copi es of STANAGs required by suppliers in connection with specific
procurenment functions should be obtained fromthe procuring. activity or as directed
by the contracting officer).

| NTERNATI ONAL REGULATI ONS

General Secretariat of the Radi o Regul ati ons
I nt ernational
Tel ecomuni cati on
Uni on, Geneva
(Avail able fromthe International telecomunication Union, Place Des Nat i ons,
1211 Geneva - 20,Switzerland.)

2.3 Oder of precedence. In the event of a conflict between the text of this

document and the references cited herein, the text of this document takes precedence.
Not hing. in this docunent, however, supersedes applicable | aws and regul ati ons unl ess
a specific exenption has been obtai ned.



3. DEFI NI TI ONS

3.1 Definitions of terns. Definitions of terms used in this standard are as specified

in FED- STD-1037 and | TU radi o regul ations, article one, or as defined in appendix A
For purposes of this standard, definitions are provided for the follow ng terng
sone of which are repeated fromI|TU radi o regul ations and FED- STD-1037 for conveni ence

and clarificauon.

Si ngl e sideband. An anplitude nodul ated enission with one sideband only.

Qut - of - band emni ssion Emission on a frequency or frequencies inmediately atside

the necessary bandwidth which results from the nodul ation process, but excludig

spurious enissions. (See al so necessary bandwi dth).

Spurious enission. Enission on a frequency or freuencies which are outside the
necessary bandwi dth and the level of which my be reduced without affecting th
corresponding transmi ssion of information. Spurious enissions include harnont
em ssions, parasitic emissions, internod@ation products and frequency conversino

products, but exclude out-of-band-em ssions.

Unwant ed em ssions. Consist of spurious em ssions and out of band em ssions.

M ni mum shift keying (MSK. MSK is a unique nodul ati on techni que which results

in an FSK type of waveform with a nodulation index of 0.5 vice the common PR

nmodul ati on i ndex of 1.0.

3.2 Acronyns and abbrevi ations Acronyms and abbreviationsused in this docunent

are defned below. Those that are also found in FED- STD-1037 have been incl uded for

conveni ence.






AM

ASCI |

I nt erchange (al so known as USASCI I|)
Bd

B/s

CTFS

CWFSK

ELF
EM
EMC
FDM
FSK
| CW
| RAC
| TU
JCS
LF

MCEB

NATO
NAVOBSY
PSK

PTTI

Ampl i tude Mbdul ati on

Aneri can Standard Code for |nformation

Baud

Bits per second

Compati bl e sShift Keying

Central Tinme and Frequency System
Conti nuous Wave Frequency Shift Keying
Depart nent of Defense

Design Objective

Extrenely Low Frequency (30Hz - 300 Hz)
El ectromagnetic Interference

El ect romagneti c Conpatibility
Frequency Division Miltiplex

Frequency Shift Key

I nterrupted Continuous Wave

I nt erdepart nent Radi o Advisory Comittee
I nternational Tel ecomunication Union
Joint Chiefs of Staff

Low Frequency (30 kHz - 300 kHz)

M litary Communi cation El ectronics Board
Medi um Frequency (0.3 nmHz - 3.0 nHz)

M ni num Shi ft Keyi ng

North Atlantic Treaty Organization

U. S. Naval Observatory

Phase Shift Keying

Precise Tinme/ Tine I nterva



RATT

SLHC

St andar di zati on Area)
SNR

SSB

STANAG

TCTS

Radi o Tel etype
St andards for Long-Haul Comrunications (DoD

Signal to Noise Ratio

Si ngl e Si deband

NATO St andar di zati on Agreenent

Tactical Comruni cations Syistens Technica

St andar ds (DOD St andardi zati on Area)

TWK
ULF
VFTG
VLF
WARC

Tel etypewiter Exchange Service

Utra Low Frequency (300 Hz - 3000 Hz)
Voi ce Frequency Tel egraph

Very Low FFequency (3 kHz - 30 kHz)
Worl d Administrative Radi o Conference



4. GENERAL REQUI REMENTS

4.1 Functi onal enpl oyment . The radi o equi pments are enployed in | ong haul and

tacti cal conmuni cation systens and subsystens. Tle delineation between |ong haul and
tactical comuni cation systens can be found in FED STD-1037. These system
provi de conmunication service in the functional areas. of comand and control
| ogistics, intelligence, weather and adm nistration. Traffic may be in one or nore of
the following forms: graphics, teletypewiter and data which may be transnmitted s

quasi -anal og or digital signals.

4.2 Frequency band all ocati on Section 5 specifies standards and DO s fa@

radi o equi pment according to frequency band allocation.

4.3 Radi o reqgul ati ons. For subsystem and equi pment design, the choice and

performance of the equipnment, as well as frequencies and em ssions of any radb
subsystem shall conply with the applicable requienents of the current edition of the
I nternational Tel ecommuni cation Union (1 TU) Radi o Regul ations. Adequate famliarity
with these regulations is, therefore, required of designers and users of radbd
subsyst ens. Fi nal approval of frequency bands, operating nodes, and equi pneh

characteristics rests within DOD with the MIlitary Comunications El ectronics Boad

( MCEB) .
4.4 Interface paranmeters.
4.4.1 Digital interface characteristics. All digital interfaces between and

anmong equi pnents where the information being convged is in the form of binary signals
at the direct current (DC) baseband | evel shall conmply with the applicabl erequirenments

of the current edition of ML-STD 188-114. See FlI GURE 1.

NOTE: Radi o requlations information. The use of the frequency spectrumis

10



regul ated by international agreenents enbodied in the Radi o Regul ati ons,
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publ i shed by the General Secretariat of the ITU, Geneva, Switzerland, and

nodi fied periodically by a World Adm nistrative Radi o Conference

(VWARC) . These radio regulations are further qualified at the national
I evel t hrough Federal Governnent agencies, such as the Departnment
of Commerce, the Interdepartment Radio

Advi sory Conmittee (I RAC), and

through military agencies, such as the Joint Chiefs of Staff (JCS) and
t he MCEB. M litary frequency planning, including joint functional
frequency all ocation tables, is established as a joint action area

under the MCEB.

4.4.2 Modul ati on and data signaling rates  The nodul ation rates (expressed in

bauds (Bd) ) and the data signhaling rates (expressed(i in bits per second (B/s) ) at
interface PONTS “A” of HGURE 1 shall be those contained in the Mdulation and Data
Si gnal i ng Rates paragraph of M L-STD 188-100 except that the nodul ation rates ad

data signaling rates above 9600 Bds or B/a shall not apply.

4.5 El ectromagnetic interference (EM) and el ectromagnetic conpatibility (EM)
requirenents. Equi pnents shall nmeet the applicable EM and EMC requireemts of M L-

STD- 461 which shall be specified in the equi pment specification.

4.6 G oundi ng. bondi ng _and shi el di ng. Groundi ng, bonding and shielding for

VLF and LF bands shall caonformto the applicable requirements of the current edition

of M L-STD- 188-124.

12
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5. DETAI LED REQUI REMENTS

5.1 ELF band(30 Hz - 300 Hz). Enploynent of this band is devel opmental o
experimental and is not addressed.

5.2 ULF band(300 Hz - 3000 Hz). Enploynent of this band is devel opmental @
experimental and is not addressed.

5.3 VLF band (3 kHz - 30 kHz). The VLF band is enployed primarily for broadcas
in the maritine and aeronautical mobile services and for Ilimted long hal

communi cations. Sone military equipnent in this field is designed to operate in both
the VLF and the LF bands.

5.3.1 NATO i nteroperability requiremnts for single and nulti-channel VLF and LF.

For interoperation with NATO menber nations, single and nulti-channel VE and LF on-
i ne broadcast systems shall conform to the applicable requirenents of the curren
edi tion of STANAG 5030.

5.3.2 Radi o frequency characteristics

5.3.2.1 Radi o frequency tuning. VLF radi o equi prents shall be capabl eof being

tuned and aligned over the frequency range of the equipnent, at integral multiples of
ten Hz increnents even though the carrier (or center) frequency rnkr be assignd
differently.

5.3.2.2 Radi o frequency stability. The frequency stability of the VLF radio

equi pnent, with respect to the initial frequency after calibration shall be no les
than 1 part in 10° per day for the first 30 days and 2 parts in 20 for each 30-day
period thereafter.

15



5.3.2.3 Radi o frequency accuracy. VLF radi o equi pnent shall be capable of a

frequency accuracy no less than 1 part in the 10 of any designated frequency within

the frequency range of the equi pnent.

5.3.2.4 Phase jitter. The maxi mum phase jitter of individual VLF transmitting

and recei ving equi prent averaged over a period equal to two times the recipocal of the
nodul ation rate shall not exceed 3 degrees for sysems using coherent denodul ation and
15 degrees for systems using non-coherent denodul ation. Measurenment shallbe perforned

for at |east 100 sanple tine periods.

5.3.2.5 Radi o frequency spurrious enissions. The spurious RF em ssions of VIF

radio transmitting equiprment shall conply with the applicabl e requirenmentsof | TU Radio

Regul at i ons.

5.3.2.6 Carrier noise level. The carrier noise level of VLF transmttingequi pnent

shall be at |east 50 decibels (dB) (DO 60 dB) bel ow t he unnodul ated or coni nuous wave
(cw) carrier level at full rated output power. This measurenent shall be made at the
RF output of the tranamitter under operational or sinulated operational conditios

whi ch must be specified in the equi pnent specification.

5.3.2.7 Necessary bandw dt h. The necessary bandwi dth of VLF radi o equipnent

in hertz shall not exceed 2.4 tines the nodul ation rate in bauds for a noduati on i ndex
of 1.0 or shall not exceed 1.2 tinmes the nodul ation rate in bauds for a nodul atio

i ndex of 0.5.

16



5.3.3 Modul ati on. Modul ation techniques for the VLF band are not standardizd
in this docunent. Howeve, modul ation techniques shall be selected carefully to neet
all system interoperability requirenents. Exanpl es of sonme current nodul atip

techni ques are given in APPENDEK A.

5.3.4 Anmplitude freguency response. The maxi mum to m ni num anplitude frequency

response of VLF radio transnmitting and receiving equi pnent, neasured indivdually, over

t he necessary bandwi dth for each, shall not exceed 1 dB.

5.3.5 Envel ope delay distortion. The envel ope delay distortion of VLF radio

transmitting and receiving equi pnent, measured individually, shall not exceed 50

m croseconds (usec) over the necessary bandwi dt h.

5.3.6 Interface Paraneters. See 4. 4.

5.3.7 VLE nodul ation rates. The nodul ation rates for VLF radio

equi pnent  at

the interface PONTS “A" of FIGURE 1 shall be selected from the followi ng, a

appl i cabl e:

a. 5 Bd

b. 50 x 2» Bd (n =0, 1,2,3... 7)

c. 75 x 22Bd (n =0, 1,2,3... 7)
5.3.8 Mbdul ati on frequency accuracy. Mbodul ation frequency accuraci es shall be as
foll ows:

a. For VLF radio equipnent using coherent denpdul ation, the nodul ation

17



frequency accuracies shall correspond to the RF accuracy tol erances

of 5.3.2.3.

18



b. For VLF radi o equi pment usi ng non-coherent denodul ation, the

tol erance of the MARK or SPACE frequencies shall not exceed

I+
N

percent of the frequency shift.

5.3.9 Precise tinme/tinme interval (PTTI) system interface. For those equipnents

requiring a PTTI Interface, DOD STD- 1399, Navy Section 441, shall be cited

5.4 LF band (30 kHz - 300 kHz). The LF band is enployed primarily for broadcast

in the maritinme and aeronautical mobile services and for Ilimted long hal
comuni cations. Sonme military equipnment in this field is designed to operate in both

the VLF and the LF bands.

5.4.1 NATO interoperability requirenents
5.4.1.1 Shore-to-ship broadcast systenms. For interoperation with NATO nenbe
nations, LF shore-to-ship broadcast systens shall comply with the applicabk

requi rements of the current edition of STANAGs 4335 and 5031.

5.4.1.2 Maritinme air conmunications systens. For interoperations with NATO

menber nations, LF naritime air comunication systems shall conmply with applicable

requi rements of the current edition of STANAG 5035

5.4.2 Radi o frequency characteristics.
5.4.2.1 Radi 0 frequecy tuning. LF radi o equi prment shall be capable of beim
tuned and ali gned, over the frequency range of theequipnent, in integral multiples of

ten Hz increments even though the carrier (or center) frequency may be assignd

differently.

19
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5.4.2.2 Radi o frequency stability. The frequency stability of the LF radio

equi pnent, with respect to the initial frequency after calibration shall be no les
than 1 part in 10° per day for the first 30 days and 2 parts in 20 for each 30-day

period thereafter.

5.4.2.3 Radi o frequency accuracy. LF radio equipnent shall be capable of a
frequency accuracy no less than 1 part in 10 of any designated frequency within the

frequency range of the equi pnent.

5.4.2.4 Phase Jitter. The maxi mum phase jitter of individual LF radio

transmitting and receiving equi pment averaged over a period equal to two tines th
reci procal of the nodulation rate shall not exceed 3 degrees for systens usng coherent
denodul ati on and 15 degrees for systenms using non-coherent denmodul ati on. Measurenent

shall be performed for at |east 100 sanple tine periods.

5.4.2.5 Radi o frequency spurious emissions The spurious RF emission of LF radio

transm tting equi pnent shall conply with the applicable requirements of |TU Radb

Regul at i ons.

5.4.2.6 Carrier noise level. The carrier noise level of LF transnitting equi pnment

shall be at |east 50dB (DO 60dB) bel ow the unnodul ated or cw carrier level at fu
rated output power. This nmeasurenent shall be made at the RF output of the Uansudder
under operational or sinulated conditions which nust be specified in the equi pnen

speci fication

5.4.2.7 Necessary bandwith. The necessary bandwi dth of LF radio equi pnent in

hertz shall not exceed 2.4 tines the nodul ation rate in bauds for a nodul ati on i ndex
of 1.0 or shall not exceed 1.2 tinmes the nodul ation rate in bauds for a nodul atio

i ndex of 0.5.

21



22



5.4.3 Modul ati on. Modul ation techniques for t he LF  band are not
standardi zed in this document. However, techniques shall be selected carefully to
neet all system interoperability requirenents. Exanpl es of current nodul atio

techni ques are given in APPENDI X A.

5.4.4 Anmplitude freguency response. The maxi mum to m ni num anplitude frequency

response for LF radio transnitting and receiving equi pnrent, neasured indivdually, over

t he necessary bandwi dth for each, shall not exceed 1.5 dB.

5.4.5 Envel ope delay distortion. The envel ope delay distortion of LF radio

transmtting and receiving equipnment, measured individually, shall not exceed B

m croseconds (usec) over the necessary bandwi dt h.

5.4.6 Interface paraneters. See 4.4

5.4.7 LP nmodul ation rates. The modulation rates for LF radio equipment at tle

interface PONT A of Figure 1 shall be selected fromthe follow ng, as applicable:

a. 5 Bd
b. 50 x 22 Bd (n =0, 1,2,3 ... 7)
c. 75x 22Bd (nh =0, 1,2,3 ... 7)
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5.4.8 Modul ation frequency accuracy.

a. For LF radi o equi pment. using coherent denodul ati on, the nodul ation
frequency accuracies shall correspond to the RF accuracy tol erances of

5.4.2.3.

b. For LF radi o equi pment using non-coherent denodul ation the tol erance of

the MARK or SPACE frequencies shall not exceed + 2 percent of the

frequency shift.

5.4.9 PTTI systens interface. For those equipnments requiring a PTTlI interface

DOD- STD- 1399, Navy Section 441 shall be cited.

6. NOTES (This section contains information of general or explanatory nature

that may be hel pful, but is not mandatory.)

6.1 Intended Use. This standard contains requirenents to ensure interoperability and

m ni mum performance  of new VLF and LF radio subsystens. These subsystens ae
i ntended for use in tactical and | ong-haul, shoreto-ship, point-to-point, ground-air-
ground and air to ship camunication of single and nulti-channel teletypewiter, data
and facsimle information. This standard is not ihended for use in specifications for
VLF or LF time standards, navigation systens, spetal purpose integrated communication
systens or terminal equiprent external to interface Ain FIGURE 1. However, technica
desi gn standards for special purpose conmunication systens should not be less tha

specified herein wi thout an exenption.

6.2 Issue of DODISS Wen this standard A used in acquisition, the applicable issue

of the DODI SS nust be cited in the solicitation (see 2.1 and 2.2).
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6.3 International standardization agrearents. Certain provisions of this document

(see 4.3, 5.3.1 and 5.4.1) are the subject of intenational standardization agreenents

STANAG 4335, STANAG 5026, STANAG 5030, STANAG 5031 and STANAG 5035

6.4 Changes from previous issue. Marginal notations are not used in this revisim

with respect to the previous issue due to the extensiveness of the format ltanges. The

techni cal standards are essentially unchanged.
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SOVE MODULATI ON CHARACTERI STI CS FOR THE VLF AND LF BANDS

10. SCOPE

10.1 PURPCGSE. This appendix describes some characteristics of nodulation

t echni ques used in the VIF and LF bands which are uncomon in higher frequency bands.

10.2 Thi s appendi x contai ns non-mandatory tutorial information.
20. VLP and LF nodul ation characteristics. VLF and LF shore based conmuni cati ors
transmtting systenms are characterized by narrow RF bandw dths (less tha

conventional voice channels) and higher power trasmtters. Narrow bandw dths are the
result of the fact that the antennas used at these frequencies are electrically very
short even though they are often physically |arge. The antenna size versus wavel ength
results in a highly reactive antenna inpedance with a |low resistance (Hgh Q ad
consequently linmted bandwi dth and | ong charge/di scharge time constant. High powe
radio transmitters are used because of the |low radiation efficiency of theantenna, the
need for |ong-range radi o communi cations, and significant sea water attenuation fo
comuni cations with subnmerged subnmarines. Both tle necessity to operate to the limts
of the bandwi dth normally available and the high transmitting power involved plae

stringent requirements on the nodul ati on techni ques used.

20.1 Anal og nodul ati on techni ques. Conventional anal og anplitude nodul ation

(AM and frequency nodul ation (FM are not wi dely used at VLF or LF
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because of their inefficient use of the available Iimted RF bandw dth. Anplitud
nodul ation (single sideband) is wused for frequency division nmultiplex (FDM
mul ti channel voice frequency telegraph (VFTG and facsimle LF shore to shp

br oadcast s.

20. 2 Digital npdulation techniques. Mdulation techniques for VLF and LF are

nostly restricted to digital means because of linted system bandwi dth. Additionally,
the bandwi dth restriction is such that the digital technique selected should be té
nost efficient in its use of bandwidth if a usable level of traffic throughput is to
be attained. The principal digital nodulation techniques are described in th
followi ng, with greater enphasis and detail on those in current use which yield th

best operational capabilities.

20.2.1 Interrupted continuous wave (ICW. |CWor on-off keying (usually associ at e

with international Mrse Code) can be used with VLF and LF systens, but is presently
used only as a back-up. In the case of fixed shore base installations, |ICWdata rates
are severely linmted by the tine constant of the antenna circuit. Airbore
transnmitters, which have greater RF bandw dths because of their long trailing we
antennas, are still restricted from | CW use because of the resulting power suppy
surges whi ch cannot be accomvpdated by aircraft generating systens operatim near power

supply limts and having little power supply inertial energy storage.

20.2.2 Cont i nuous wave frequency shift keying (CAFSK). CWFSK is used as a back-yp

in airborne systens to take the place of ICWfor transmtting Mdrse Code. CWSK avoi ds
power supply surges by transmitting a second tone to represent the off periods. It
is a special case of FSK in which the SPACE frequency is separated from the MAR

frequency by a | arge frequency separation (normally 200Hz). This
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separation allows the receiver to filter out the SPACE frequency to receive only the
MARK frequency resultingin | CWreception. CWSK can be coherently detected with

a resulting substantial increase in signal-to-noise ratio (SNR).

20. 3 Phase shift keying (PSK). PSK provi des the npost efficient use of RF

bandwi dth but is not presently used at VLF/ LF because of the transients cased by phase
di scontinuities. |If the conventional phase-reversal PSK is used (see FlI GURE A-1)
these transients, which will be generated at the MARK/ SPACK and SPACE/ MAR
transitions can result in damage to the high power transnmitter final anplifiers o

cause a transmitter outage (kickdown).

20. 4 Frequency shift keying (FSK). Except for the back-up use of | CWand CWFSK

FSK and nmodul ation techniques which result in an FSK type of spectrumiae t he nmjor
ones used at VLF and LF. The phase discontinuityrestrictions described in 20.3 apply

as well to FSK and special techniques are enployed to bring themwithin limts.

20.4.1 Phase continuity with FSK The term phase continuity is used for tle

nodul ation process in lia of phase coherency which is nore often associated with the

denmpdul ati on process.

In FSK there are distinct SPACE (f,) and MARK (f,) frequencies which can be
generated separately or obtained from the sidebands of tone nodulated carrier. h
neither case is the center frequency transmtted. The difference between th
frequencies (f,-f,) is the total carrier shift. An FSK nodul ator nust abruptly shif
from SPACE to MARK frequenci es (and vice versa) in accordance with the i nformation

code (data streanm) and, in the present case, nust acconplish this shift
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wi t hout an excessive disontinuity in phase. FIGURE A-1 shows both a phase continuous

and a phase di scontinuous FSK transition.

FI GURE A-2 further addresses the phase continuity/discontinuity phenonmena in FSK.

20.4.2 PSK nodul ation index. The nmodul ation index (M is defined as the carrie

frequency shift (fs-f,) divided by the nodulation rate (in bits per second (bit/sec)).
It can be seen in FIGURE A-2 that if the SPACE/ MAR transitions are to be synchronized
with the O degree to 360 degree crossing, the nodulation rate (or transmtéd signaling
rate) nust have a strict relationship to the total carrier frequency shift (b
di fference frequency), that is, for FSK with acceptable phase continuity: (a) Th
nodul ation i ndex must be an integer; and (b) The relative phase of f{ and f, must be
the sane at the instant d transition. The requirement to nake the best possible use
of bandwidth in VLF and LF results in the mininmm nodulation index of 10 bei ng used

for FSK in those bands.
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20.4.3 Modul ation with a npodul ation i ndex of 0.5. As indicated in FIGURE A-2

conventional FSK with a nodul ation index of 0.5 will result in a serious phase
di scontinuity every other transition period, which can result in transmtter
out ages (ki ckdowns). Mbdul ati on techni ques have been devel oped which provide
an FSK type waveformutilizing a nodulation index of 0.5 with acceptabl e phase
continuity and with half the RF bandw dth of conventional FSK for the same
nodul ation rate. Two such techniques are Conpatible Shift Keying (CSK) and

M ni nrum Shi ft Keyi ng ( MSK)

20.4.3.1 Conpatible shift keying (CSK). CSK is characterized by a modul ation

t echni que having a nmodul ation index of 0.5. FIGURE A-3 illustrates how this is
acconpl i shed usi ng SPACE and MARK frequenci es and 180-degree phase shifted
frequencies thereof. It nust be understood that this exanple (and the one for
MSK in 20.4.3.2) illustrates only one of several techniques to generate the same
waveform In the illustrated case of FIGURE A-3 both the SPACE (f) and

MARK (f.,) frequencies and those frequencies 180 degrees out of phase,

thatis, f, +-180 and f, /-180 are avail able and the proper

frequencies are selected at the instant of transition so that the serious phase

di scontinuity is avoided.

20.4.3.2 Mnimum shift keyinx (MSK). MSK is a modul ation techni que which

results in an FSK type of waveformw th a nodul ation index of 0.5 identical to
that of CSK. Hence, CSK and MSK equi prrent can be conpatible in sone nodes

of operation.
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20.4.3.2.1. ©MSK nmodul ati on. MSK nodul ation is achieved by phase

nodul ati on and anplitude shaping of two subcarrier frequencies that are then
added together linearly to produce a frequency shifted carrier wave of constant
anpl i tude and continuous phase. FIGURE A-4 illustrates one inplenmentation of

the MSK nodul ati on process. Two channels of synchronous data, X channel and

Y channel, are applied to two anplitude nmodulators for nmultiplication by two tine

guadrature sine wave wei ghting functions; the X channel data is nultiplied by a

cos (w;it) weighting function (wherew is the weighting function radi an frequency)

and the Y channel data is multiplied by a sin Mt) weighting function. The two
anpl i tude wei ghted signal s phase nodul ate X subchannel and Y subchanne

subcarrier tinme quadrature signals of cos w,t) and sin (w;t), respectively

(where w, is the subcarrier radian frequency). The two phase nodul ated out put

frequencies are then conbined (or linearly added) to produce a constant-
anpl i tude phase-conti nuous MSK nodul at or out put waveformwith

i nstant aneous frequency shifts occurring at tines of subchannel bit transitions.
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As shown above, DATA STREAM 1 properly matches the difference frequency
(fs - fm) and thus is phase continuous at the bit transition at Tr (M= 1.0).

DATA STREAM 2 does not fully match the difference frequency (fs - fm) and is
not phase continuous at the bit transition at Tq (M=0.5).

Careful selection of the relationship of the difference frequency (fs - fm) and the bit

rate (baud) of an FSK system will provide the desired phase continuity of an
M= 1.0 system. :

FIGURE A-2. Phase continuity and discontinuity in FSK
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20.4.3.2.2 MK derivation. |If D and D, represent the digital data inputs fromthe

X and Y channels, respectively, (the digital data from each channel will be a series
of mark and space bits appearing in various sequence conbinations) to the M
nodul ator, the output fromthe nodulator will asswe one of four possible waveforns to
the Dy and DO, input data. The inputs into the MSK sumrer at the MSK nodul at o

out put depicted in FIGURE A-4 are:

Dy cos (wft) éos (m"t.’ and
Dy sin (wft) sin (wot)

SiﬂCe ‘ . cos (a) cos (b) _—_-_11_ Eos (a + b) + cos (a -b)] and

sin (a)sin (b) =3 |[<os(a-b)- cos(a + b) ___I

andifa = wet, b = wft

then Dy cos (wft) cos (wet) = sz Es (wo + of)t + cos (mo-mf)t] and

Pysin (w¢t) cos (wot) = Dzv Eas (0o - )t - cos (0o + @ :I

D
L x—2p
CHANNEL
DATA INPUT
cos wft

WEIGHTING
FUNCTION
GENERATOR

909 PHASE

sin oft

Y
CHANNEL Dy,
DATA INPUT

FIGURE A-4. MSK modulator diagram
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The output fromthe USK nodul ator ia therefore:

output = Eos (mo + mf)t + cos (mo-a)f) I ——!-E)s (coo-mf)t cos (mo + mf)t;

- ey~ SUBCHANNEL DATA

“X* SUBCHANNEI. DATA
TABLE A-I. Allowable MSK output w vefoi'm
Data Input - | .
' - MSK Output Waveform
Dx - Dy ' '
+1(mark) | +1(mark) 4+ cos (wo-wp)t
-1(space) | -1(space) . -cos (wg-af)t -
~1(space) [ +1(mark) -cos (wo + af)t
+ 1 (mark) | -1 (space) +cos (‘°°+°_’f)t. -

If +1 represents a digital data mark input and -1 represents a digital data
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i nput, the MSK nodul ator output waveform reduces to the four allowable waveform
indicated in TABLE A-1 and shown in FIGURE A-5. $nce the MSK output is determ ned by
the X and Y channel digital data input to the X and Y subehannels, the MSK nodul at or
out put waveform will either change or remain the same every data bit period (T)
Reference to TABLE A-I indicates that certain bit transitions (for exanple, th
transitions from mark/mark to space/space and vice versa, the transitions frm
space/mark to mark/space and vice versa) cannot be allowed to occur if phas

di scontinuities in the MSK out put waveform are to be prevented.
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The al |l owabl e transitions will be those in which only one of the subchannet is allowed
to change at the end of adata bit period, T. By |lengthening the bit period to 2T and
i nputting the X and Y channel data into the subchannels as indicated in FIGURE A-6
only one of the subchannels can change during each time interval, T. In adition, the
subchannel that is allowed to change during a tine interval T, is deternmned |lg
whet her the transition occurs at an even or odd nultiple of T. The allowabk

transitions at even and & odd multiples of T as derived fromFIGURE A-6 are shown in

TABLE A-11.
SUBCHANNELS SUBCHANNELS
X Y X | Y
M M Subchannel X changesto  ———p S M
S S M S
M S S S
S M (Subchannel Y does not change) M M

(b) For odd multiples of T, wheret = T, 3T, 5T ...(2n + 1) T, only subchannel Y

can change as follows:

SUBCHANNELS . ' . » SUBCHANNELS
X Y X Y
M M Subchannel Ychangesto — M S
S S ’ S M
M S M M
S M {Subchannel X does not change) s S
" M = Mark
S = Space
n=0123,....
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By reference to TABLE A-Il it is evident that by |lengthening the bit period to 2T for
each subchannel and by dd ayi ng the | engthened bits of one subchannel with respect to
the | engthened bits of the other subehannel by T, mark/mark to space/ space transitions
(and vice versa) and space/mark to nark/space trasitions (and vice versa) will not be

present. However, in order to ensure phase continuity in the allowable dagt

transitions indicated in TABLE All the upper radian frequency (w, + w) and the | ower
radi an frequency (w, - w) must be uniquely related. Fr a nodulation index of 0.5 and

a given subcarrier radian frequency (w, the subcarrier or center frequency is nd
transmitted), the upper and | ower radian frequencies and the wei ghting function radi an

frequency (w) are determned by the bit rates, B, of the X and Y channels as foll ows:

(0o + of) - (0o - ®F)

=0.58B = _._o.i.z 2f¢
: 2 _ T
from which

T= —417 = Jif— (where fgis defined as frequency of weighting fun.ction)
' R
. or : .
T¢ = 4T(where Ty is defined as period of weighting function)

The period of the weighting function is therefore four tines the data channel bt

peri od.

20.4.3.2.3 MBK denpdul ation. To denodul ate the MSKwaveform the frequency shifts
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bet ween t he upper and | ower radian frequencies (betweenw, + w and w, - w) could be

detected in order to obtain the digital data fromthe transmtted MSK waveform
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A more efficient nethod, however, is the detection of the phase shifts in th

nodul ated signal over a bit period T, relative to the subearrier adian frequency (w,).

If (w, + w) is the upper transmitted radian frequency and , - w) is the | ower

transmitted radian frequency, the phase shifts in the npodul ated signal over a bt

period, T, can be deternined froman application of:

o=2nf=A0p
: AT
or
Ap=0 AT
from which . :
E o U =(wo + ﬁ)f) (mo):l AT ApU=U Upper I;'a‘gltan Frequency

Al = -wf) - (@ :IA'I' : A L =Lower Radian Frequenc
[d’ , (?o f). ¢ o.) ; .q:A Phase Shift a y
Ay U =2nfg AT )

ApL =-2ufs AT
now
ff:..l_,
a7 o _ _
and if the phase shift is determined for a bit period, T, then
AT=T o |
and’
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The MSK denodul ator therdore need detect only positive and negative phase shifts of

90 degrees in order to recover the digital data fromthe transnitted MSK signal .
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